A membrane-bound protein purified from Gluconobacter oxydans M5 was confirmed to be a pyrroloquinoline quinone-dependent D-sorbitol dehydrogenase. Gene disruption and complementation experiments demonstrated that this enzyme is responsible for the oxidation of 1-(2-hydroxyethyl) amino-1-deoxy-D-sorbitol (1NSL) to 6-(2-hydroxyethyl) amino-6-deoxy-L-sorbose (6NSE), which is the precursor of an antidiabetic drug, miglitol.
Gluconobacter strains are able to oxidize many sugar alcohols incompletely to produce the corresponding aldehydes, ketones, and organic acids, e.g., L-ascorbic acid, D-gluconic acid, ketogluconic acids, and dihydroxyacetone. Their responsible polyol dehydrogenases have been confirmed (1, 4, 15) . It was reported that Gluconobacter oxydans strain M5 can catalyze the oxidation of 1-(2-hydroxyethyl) amino-1-deoxy-D-sorbitol (1NSL) to 6-(2-hydroxyethyl) amino-6-deoxy-L-sorbose (6NSE), a precursor of the antidiabetic drug miglitol (11, 20) . However, which dehydrogenase is involved has not been revealed yet. The aim of this work was to find out the responsible enzyme.
The strains and plasmids used in this study are listed in Table 1 . G. oxydans M5 was grown in a medium containing 20 g of D-sorbitol, 3 g of yeast extract, 10 g of polypeptone, 1 g of KH 2 PO 4 , and 0.2 g of MgSO 4 -7H 2 O in 1 liter of deionized water. The different fractions of the cells were prepared by supercentrifugation at 100,000 ϫ g for 60 min. The activities of 1NSL oxidation were measured in the presence of 200 mM substrate, 1NSL (8) . The substrate and product were analyzed by silica gel thin-layer chromatography (TLC), with ethanolmethanol-ammonia (1.5:1:1 [vol/vol/vol]) as its eluant, and then dyed with iodine. The major part of the activities was found in the membrane fraction, but little activity could be found in the cytoplasmic fraction (Fig. 1) . A second experiment showed phenazine methosulfate (PMS)-dependent 1NSL dehydrogenase activity but not NAD(P)-dependent 1NSL dehydrogenase activity in the membrane fraction. On the contrary, the cytoplasmic fraction had only NAD(P)-dependent 1NSL dehydrogenase activity. In cell extracts, the total activity of PMS-dependent 1NSL dehydrogenase was some 28-fold higher than that of the NAD(P)-dependent 1NSL dehydrogenase (data not shown). These results suggested that the proteins responsible for 1NSL oxidation in G. oxydans are located mainly in the cytoplasmic membrane.
Gluconobacter strains contain a large number of dehydrogenases, which can be classified into two major groups (15) . The first group is formed by cytoplasmic-soluble NAD(P)-dependent polyol dehydrogenases, which were believed to participate in the synthesis of precursors and are obviously involved in the maintenance of cells in the stationary growth phase (12, 15) . The second group possesses various membranebound dehydrogenases, which are shown to be responsible for the rapid oxidation of some important substrates (16, 17) . According to our previous work, the oxidation of 1NSL to 6NSE by G. oxydans M5 was fast, with almost 95% of the conversion rate occurring after 8 h (9). Therefore, the responsible dehydrogenase is thought to be compatible with the first type of dehydrogenase.
Purification and identification were performed to reveal the amino acid sequence of the 1NSL dehydrogenase. The membrane fraction was suspended in a 20 mM sodium acetate buffer (pH 6.0) containing 1% Tween-20, stirred, and centrifuged at 10,000 rpm for 30 min. The resulting supernatant was purified with a carboxymethyl (CM) cellulose column, eluted with the same buffer containing 0.1 M KCl, and put on a Sephacryl HR 400 column for further purification ( Table 2) . The purified enzyme migrated as a single protein band with a molecular mass of about 80 kDa, using sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 2) . The 80-kDa band was isolated from the SDS-PAGE preparation and digested with trypsin. The product was subjected to mass mapping by using matrix-assisted laser desorption ionizationtime of flight tandem mass spectrometry, with a model 4700 Proteomics Analyzer. De novo sequences from six polypeptides covering a total of 72 amino acid residues were determined, and the data showed there was a 100% match to the large subunit of a putative pyrroloquinoline quinone (PQQ)-dependent membrane-bound D-sorbitol dehydrogenase (SLDH) encoded by sldAB (GeneID accession no. gox: 0854-0855) in G. oxydans ATCC 621H (17) and a gluconate/polyol dehydrogenase (EBI accession no. AJ577472) of G. suboxydans IFO12528 (18) . Then, the sldAB genes were amplified from the G. oxydans M5 chromosome, using the oligonucleotide primers sldAB-KpnI-fwd (GTTTACGATGGTACCGGTTCTGG) and sldAB-EcoRI-rev (GCTTCCCACCCGAATTCTGGAAAAA ACG) in GC buffer, with an annealing temperature of 54°C and purified, and cloned into the pGEM-T plasmid, resulting in the pGEM-sldAB plasmid. The sldA gene encodes a polypeptide of 743 residues with a molecular mass of 81,730 Da, which is compatible with the molecular mass of about 80 kDa of the protein band from the SDS-PAGE sample. These results confirmed that the purified enzyme was the product of the sldA gene carried by G. oxydans M5. Interestingly, the small subunit of 126 residues with the molecular mass of 13,860 Da encoded by sldB was not present in the SDS-PAGE result. The reason for its absence was not clear. However, according to previous research (21), the product of the sldB gene is necessary for the SLDH activity in vivo.
Previously, a membrane-bound PQQ-dependent SLDH from G. suboxydans IFO3255 was encoded by the same genes, sldAB (GenBank accession no. AB065091) (7). The two SLDH genes and their corresponding amino acid residues had 81% and 85% identity, respectively. The quinoproteins SLDH, Darabitol dehydrogenase, and D-gluconate dehydrogenase from various Gluconobacter strains were confirmed to be identical (13) . It is suggested that SLDH is responsible for the oxidation of the substrates, with Bertrand-Hudson configuration (6) . Therefore, it is reasonable that a 1NSL substrate with a similar configuration can be oxidized by SLDH.
Disruption of the sldA gene and complementation were car- To generate a gene replacement vector for the inactivation of sldA, the modified highly efficient recombineering-based strategy described by Cotta-de-Almeida et al. was used (2, 3). Several kanamycinresistant colonies were purified and cultivated to prepare the plasmids. The modified plasmids were confirmed by PCR with the primers KnP1 (GTGTAGGCTGGAGCTGCTTCG) and KnP2 (CATATGAATATCCTCCTTAGT) and resulted in the pGEM-sldB-sldA::kan plasmid. For the construction of an sldAB expression vector, the broad-host-range vector pBBR1MCS-5 (10) and the amplification product were digested with the restriction endonucleases KpnI and EcoRI and ligated, resulting in the pBBR1MCS5-sldAB plasmid. The cloned products were sequenced through a commercial service offered by Invitrogen (Shanghai, China). General molecular biological techniques were performed according to Sambrook et al. (19) . The knockout vector and the expression vector were electrotransferred into G. oxydans cells essentially as described by Mostafa et al. (14) . For screening potential sldA-deficient mutants, colonies were transferred to glucose-calcium carbonate agar (5) containing the appropriate selective antibiotics and incubated at 30°C for 3 days. The colonies of mutants were screened with the phenotype of Kn r Amp s and a clear zone, and the gene disruption was confirmed by PCR. To construct an overexpression strain, the culture plate was incubated for 36 h until gentamicin-resistant colonies appeared.
The mutant was cultivated in complex medium containing 0.5% yeast extract, 0.3% tryptone, and 5% D-glucose (pH 6.0). When mutant cells were used as the resting-cell-reaction system in a mixture containing 200 mM of 1NSL, the disruptant cells did not produce 6NSE, in contrast to that produced by the parental strain at any pH (Fig. 1B, lane 2) . This result indicated that the mutant strain has no 1NSL oxidation activity. When the mutant was reconstituted with the recombination plasmid pBBR1MCS5-sldAB, the 1NSL oxidation activity was restored (Fig. 1B, lane 3) . These results clearly showed that the quinoprotein SLDH encoded by sldAB is involved in the process of 6NSE production. From these experiments, it can be concluded that the PQQ-dependent membrane-bound SLDH is the primary source enzyme responsible for the oxidation of 1NSL in G. oxydans M5. 
